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Mode converters are critical for frequency-tunable terahertz gyrotrons. This study reports the
development of a broadband TE02 mode converter centered at 0.2 THz. An octafeed sidewall
coupling structure was employed and the mode purity was analyzed. The converter was built using
the technique of x-ray microfabrication. The x rays irradiated on the SU-8 resist and generated a
template of very high thickness of 1.295 mm. Pulse electroplating technique was used to deposit
copper on the structure along the template. The parts then went through precise machining and the
residual resist was removed via high-flux radical etching. A computer-aided diagnostic system was
introduced to measure the performance of the converter. Results suggest that the frequency response
of resistivity should be taken into consideration for the devices in terahertz region.
© 2010 American Institute of Physics. doi:10.1063/1.3385685
I. INTRODUCTION
Terahertz research is booming recently due to the fast
growth of radiation sources and devices. Numerous applica-
tions, such as terahertz imaging and terahertz spectroscopy,
have been developed using the low power and noncoherent
radiation sources, but many new applications are still await-
ing more suitable radiation sources. For example, electron
spin resonance1,2 ESR and nuclear magnetic resonance
with dynamic nuclear polarization3–5 DNP-NMR still re-
quire high output power with frequency tunability. The gy-
rotron backward-wave oscillator, capable of generating suf-
ficient power with adjustable frequency, thus is an ideal type
of radiation source.6–8 However, the frequency tunability
partly hinges on the performance of the mode converter.9–11
Despite extensive research on the terahertz circuits and
devices,7,8,12–14 development of terahertz converters ad-
vances rather slowly.
A mode converter is used to launch the desired wave to
interact with the electron beam, or to extract a wave power
from the interaction region. A poor mode converter excites
unwanted modes, resulting in severe mode-competition prob-
lem, and significantly hinders the performance of high-power
terahertz gyrotrons. Conventional machining techniques,
such as computer numerical control CNC lathe, have been
reported at 0.1 THz.15 However, the yield rate was low due
to machining accuracy. At even higher frequency, the line-
widths of the devices are generally too small to fabricate
with the conventional machining technique. X-ray microfab-
rication or LIGA, a German acronym for x-ray lithography,
electroplating, and molding16 is a good candidate for fabri-
cation of terahertz devices. A detailed discussion regarding
the development of microfabrication for vacuum electronic
devices can be found in Ref. 8. The use of x-ray LIGA tech-
nique on terahertz circuits has been demonstrated,13,14,17 but
there have been no reports of employing such technique on
mode converters.
This study presents an approach for fabricating terahertz
devices using x-ray microfabrication. A TE02 mode converter
centered at 0.2 THz was constructed for the purpose of gen-
erating radiation sources for ESR and DNP-NMR. The exci-
tation of the TE02 mode is discussed, and the LIGA process
is introduced. A new measurement system is reported. The
discrepancy between the measured result and the simulation
will be discussed in-depth.
II. EXCITATION OF THE TE02 MODE
The electric field pattern of the circular TE02 mode is
circularly symmetric. Such a mode can be excited using four
or eight coupling slots. To avoid the excitation of the TE41
mode, an octafeed structure is chosen to ensure mode purity.
Figure 1a shows the coupling mechanism with the sidewall
apertures. The coupling structure consists of eight rectangu-
lar waveguides each with TE10 mode and a circular wave-
guide TE02 mode. The sidewall coupling structure induces
magnetic dipoles p¯m, which are proportional to the tangen-
tial magnetic field, as shown in Fig. 1b. The induced mag-
netic dipoles then jointly excite the desired TE02 mode.
Table I lists the major parameters and the possible para-
sitic modes for the generation of the TE02 mode. The input
port is a rectangular waveguide of WR-5.1 1.295
0.648 mm2. The radius of the circular waveguide is 1.86
mm. When exciting a high-order mode such as TE02, all
modes with lower cutoffs might also be excited. Considering
the degenerate polarization denoted by subindices A and B,
there are totally 27 modes. Therefore, it is a big challenge to
achieve high mode purity. The octafeed structure is em-
ployed to ensure mode purity.
Three levels of Y-type power dividers are cascaded to
generate eight signals with equal amplitude and phase. Fig-
ure 2a shows the electric field pattern on the wall. The
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input signal is divided into eight equal parts. They generate
eight magnetic dipoles, which then excite the TE02 mode.
The simulation is conducted using high frequency structure
simulator HFSS Ansoft. The smallest linewidth of the
power dividing circuit is 100 m, which is evidently too
small to machine with conventional CNC.
Figure 2b shows the simulated mode purity. The wave
is converted from the rectangular TE10 mode to circular TE02
mode. The conversion ratio transmission, blue line is high
and wideband. The reflected wave is shown in red dashed
line. In addition to the desired mode, the TE01 mode will also
be excited long red dashed line, but at an acceptably low
level lower than 20 dB. Other modes are extremely small
shown in gray lines. The excitation of all modes can be
estimated using the method developed in Ref. 15. The simu-
lation results show that the proposed structure is ideal for the
TE02 mode.
III. THE LIGA PROCESS
Figure 3 shows the process of fabrication of the mode
converter. The high-sensitivity, negative resist SU-8 Micro-
chem, USA was cast with a thickness of 1.3 mm on a cop-
per substrate. The intense x rays generated by synchrotron
radiation with a characteristic wavelength of 0.6 nm, were
then irradiated on the resist through a patterned gold mask. A
thin aluminum film was used to trim the low-energy photons
to achieve a uniform dose distribution along the resist depth.
Figure 3a presents the patterned resist structure after ad-
equate deep x-ray lithography DXL. The minimum feature
size at the Y-branch tip of the waveguide is 100 m. The
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FIG. 1. Color online a Eight waves of equal amplitude and phase in
rectangular TE10 mode are coupled to the circular waveguide. The electric
field pattern of the circular TE02 mode is displayed. b The sidewall cou-
pling structure induces magnetic dipoles, which then excite the desired
mode. The other end of the waveguide is shortened, such that the resulting
wave propagates forward, denoted as superscript +.
TABLE I. Desired mode and the corresponding coupling structure, wave-
guide radius, and parasitic modes.
Desired mode TE02
Coupling structure Octafeed
Waveguide radius 1.86 mm
Parasitic modes TE11,A, TE11,B TE21,A, TE21,B
TE01
TE31,A, TE31,B TE12,A, TE12,B
TM01
TM11,A, TM11,B TM21,A, TM21,B
TE41,A, TE41,B TE12,A, TE12,B
TM02
TM31,A, TM31,B TE51,A, TE51,B
TE22,A, TE22,B TM12,A, TM12,B
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FIG. 2. Color online a Structure and the simulated electric field patterns.
A wave of rectangular TE10 mode is divided into eight waves of equal
amplitude and phase, which are then coupled to the circular waveguide. b
The calculated mode purity of the mode converter. The radius of the circular
waveguide allows more than 28 propagating modes. The desired mode is
TE02. Others are unwanted modes. The transmission and the reflections are
shown as solid and dashed lines, respectively. The major parasitic modes
TE01 are plotted in long-dashed line and others are depicted in lines.
FIG. 3. Color online a The patterned resist structure after deep x-ray
lithography. b The plating layer after surface grinding and precise machin-
ing. c Assembly of two converters joined back-to-back, using four dowel
pins to ensure alignment; the parts are fastened with screws. d The
close-up view of the center portion.
054701-2 Chang et al. Rev. Sci. Instrum. 81, 054701 2010
Downloaded 30 Nov 2010 to 140.114.136.14. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
maximum aspect ratio is about 13. Atomic force microscopy
was used to measure the surface roughness of the resist side-
wall, after the DXL process. Six measurements were taken
along the depth direction; each scanned area was 1 m2.
The measured average roughness Ra was around 50 nm,
which is considered satisfactory for subsequent processes.
Following this, pulse electroplating technique was performed
to deposit a copper layer from the substrate along the resist
template.
The plating layer was then surface ground to the de-
signed thickness, within a tolerance of 5 m Fig. 3b.
High-precision milling was used to machine the circular in-
teraction section of the mode converter. Four dowel pins
were used to ensure precise alignment of parts during device
assembly. Four screws were used through holes were drilled
for this purpose, close to the center, to hold the assembly
tightly, as shown in Fig. 3c.
Up to the final machining process, the resist of the SU-8
mold is still remained to guarantee the integrity and strength
of the microstructure. Once the parts were machined, high-
flux radicals produced from a plasma source were used to
remove the epoxy-based SU-8 resist. In contrast to water jet,
the dry etching technique provides a copper microstructure
with high integrity and high surface quality.
Figure 3d displays the close-up view of the center por-
tion. The three coaxis circular holes were drilled with the
mill. The smallest hole of radius 0.67 mm is the tunnel for
the electron beam to pass through. For applications that do
not need the beam tunnel, a solid section can be adopted,
without affecting the performance. The radius of the outer
hole of 1.86 mm is equivalent to the size of the interaction
section of the gyrotron. The radius of the middle hole 0.81
mm is designed to optimize the overall bandwidth.
IV. MEASUREMENT SETUP
Figure 4 schematically depicts the measurement setup.
The whole system is fully computer-controlled, using the
LABVIEW. The LABVIEW controls the performance network
analyzer PNA Agilent E8363B. The PNA transmits a sig-
nal and its frequency is doubled by a frequency doubler
Virginia Diode. After that the incident signal is sent to the
device under test DUT and the transmitted signal is de-
tected with a detector Virginia Diode. The detector converts
the measured power to the voltage which is record with a
data acquisition system DAQ NI-6211. The detected volt-
age is finally communicated to the computer for further
analysis.
During the measurement, the frequency is changed step-
by-step, one at a time. However, the detected signal fluctu-
ates violently over frequency. This is because the frequency
doubler and the detector are not well-matched devices; their
reflections are generally very high. To minimize the multiple
reflections, two attenuators, each of 6 dB and made of
stainless steel, are employed.
V. RESULTS AND DISCUSSIONS
Figure 5a shows the simulation results using HFSS.
The LIGA process is famous for its low surface roughness;
the measured surface roughness is about 50 nm as expected.
So in the simulation, a constant surface roughness of 50 nm
is adopted, while the resistivity of the metal wall is varied.
From a previous study,15 the resistivity apparently increases
when the operating frequency becomes higher. For frequency
of 0.1 THz, the resistivity is roughly ten times the resistivity
of copper cu. Therefore, at 0.2 THz, the resistivity of cop-
per is expected to be higher than that at dc. Resistivities of 1,
10, 20, and 30 times of cu are displayed. Higher resistivity
corresponds to lower transmission.
Figure 5b shows the results of measurement with two
converters joined back-to-back. The transmissions shown in
dots are obtained by calculating the ratios of the signals,
with and without the DUT. The solid line is the fitting curve
of the measurement, using the least-square technique. The
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FIG. 4. Color online Schematic diagram of the measurement setup. The
measuring system is fully computer controlled. The PNA sends a signal, and
then its frequency is doubled and injected into the DUT. The transmission
power is detected with a detector and recorded with a DAQ system.
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FIG. 5. Color online a Effect of the wall resistivity. Four resistivities in
terms of resistivity of copper are displayed. The surface roughness is as-
sumed to be 50 nm. b The dots are the measurement results. The solid line
is the fitting curve, using the least-square fitting.
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frequency step is 0.2 GHz. Each point shown in the figure
averages 800 data points. The standard deviation of the mea-
sured voltage is relatively low. So the fluctuation does not
come from the measurement itself; it is intrinsic to the sys-
tem. As discussed in the previous section, this effect is
caused by multiple reflections of the active devices the dou-
bler and the detector. Increasing the amount of the attenua-
tion severs the feedback loop and allows us to obtain a less
fluctuating curve, but too much attenuation reduces the mea-
sured voltage and increases the error. A tradeoff of 6 dB
attenuation is used in this paper.
Comparing with the simulation in Fig. 5a and the fit-
ting curve in Fig. 5b, we find that the resistivity is about
20–30 cu. The resistivity as a function of frequency can be
understood from a simple relation shown in Ref. 18. The
resistivity is inversely proportional to the conductivity. The
conductivity  can be expressed as
 =
n0e
2
me0 − i
, 1
where n0 is the number of free charges per unit volume, and
e and me are the electron charge and mass, respectively. 0 is
the collision frequency and =2	f is the angular fre-
quency. For copper, 0 is about 1013. At low frequency, the
conductivity is basically real, but when the angular fre-
quency 2	f is greater, say 1012, the imaginary part be-
comes not negligible. At high frequency, the imaginary part
of the conductivity plays a vital role and will modify the
propagating constant, resulting in severe conductor loss. This
may explain why the experimental results suggest the resis-
tivity of 20–30 cu. The machining error is also critical to
terahertz devices. The lithography precision and surface
quality of the applied DXL technique were about 3 m and
50 nm, respectively.19 Consequently, the milling process
might have contributed the majority of the machining error.
VI. CONCLUSION
In summary, we have discussed the principle and simu-
lation of a TE02 terahertz mode converter and have experi-
mentally demonstrated that the proposed method is capable
of exciting the desired mode with broad bandwidth using
x-ray LIGA technique. The discrepancy in transmission be-
tween the experiment and the simulation suggests that the
resistivity is a function of frequency, which still needs further
study. To improve the accuracy of the measurement, a time-
domain spectroscopy can be used to reduce the interference
of the multiple reflections, which is currently under investi-
gation. This mode converter will be used in the frequency-
tunable terahertz gyrotron for the applications of DNP-NMR
and ESR.
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